Time-lapse imaging using automated microscopy can capture developmental processes in live plants and animals at high spatial and temporal resolution (1, 2) . The multidimensional image acquisition of live specimens over several hours or days, and often involving multiple fluorophores, can produce sizeable data sets that extend into the terabyte range. Subsequent analysis of 5-D (3-D, time, color) image data involves 3-D reconstruction, visualization, segmentation and tracking (3) . As these tasks are CPU and memory intensive, software tools for microscopic image analysis require dedicated high-end graphics workstations (4, 5) or computer clusters (6, 7) for optimal performance. However, depending on available (suboptimal) hardware resources and software design, downstream processing of very large image data sets can become highly inefficient, if not impossible. For instance, tools developed for 32-bit operating systems are often unable to handle data sets beyond a size of 2 GB. An obvious solution is to fragment large image data sets and to perform analysis in smaller subsets. Although file fragmentation can be achieved using existing software, its execution is often not productive enough for routine use. Some tools, like the Zeiss (Jena, Germany) LSM Image Browser or Zen Light Edition require loading of the entire image data set before data fragmentation is permitted. Other tools like the LOCI plug-in within ImageJ (8) can open and save subsets. However, image subsets cannot be larger than the available memory allocated to ImageJ.
While oversized image files can pose challenges, overfragmentation of data (e.g., saving one file per time frame) can equally slow down data analysis. Motorized microscopes allow the imaging of live samples in multiple locations (www.nature.com/nmeth/journal/v3/ n11/full/nmeth971.html ) (9) , further increasing the amount of data generated per experiment. Specialized acquisition software tools, such as the Zeiss Multiple-Time-Series macro, usually save one file per time point and location. After completion of image acquisition, temporary files are concatenated. The problem is that concatenation can be time consuming and may take several hours for data spanning several gigabytes. If the microscope belongs to a shared facility, precious acquisition time will be lost for the next user. Moreover, in our experience, concatenation may simply abort if the acquisition involves images from multiple locations. An obvious solution to this problem would be a standalone tool that can perform time-lapse concatenation. To our knowledge, such a concatenation function is unavailable in most free image processing tools (10) .
To overcome these above-mentioned bottlenecks in handling large time-lapse microscope data sets, we developed the TLM (time-lapse microscopy)-Converter. The TLM-Converter reorganizes time-lapse microscopy files based on user specifications and saves the output in open standard file formats that are essential when the images and their associated metadata are to be , and Martin Wasser Automated microscopy enables in vivo studies in developmental biology over long periods of time. Time-lapse recordings in three or more dimensions to study the dynamics of developmental processes can produce huge data sets that extend into the terabyte range. However, depending on the available computational resources and software design, downstream processing of very large image data sets can become highly inefficient, if not impossible. To address the lack of available open source and commercial software tools to efficiently reorganize time-lapse data on a desktop computer with limited system resources, we developed TLM-Converter. The software either fragments oversized files or concatenates multiple files representing single time frames and saves the output files in open standard formats. Our application is undemanding on system resources as it does not require the whole data set to be loaded into the system memory. We tested our tool on time-lapse data sets of live Drosophila specimens recorded by laser scanning confocal microscopy. Image data reorganization dramatically enhances the productivity of time-lapse data processing and allows the use of downstream image analysis software that is unable to handle large data sets of ≥2 GB. In addition, saving the outputs in open standard image file formats enables data sharing between independently developed software tools.
shared between independently developed software tools (11) . This data reorganization capability complements numerous image analysis software packages that are not designed to handle large volumes of data. The TLM-Converter contains two main modules, one for fragmentation of oversized files and another one for the concatenation of multiple stacks representing single time points.
Materials and methods
The TLM-Converter was developed to facilitate the reorganization of time-lapse data using two modules with associated user interfaces: one for file fragmentation and one for concatenation. To test the TLM-Converter, we recorded time-lapse data of live Drosophila embryos ( Figure  1 ) and pupae using the Zeiss LSM 5 Live laser scanning microscope (9) as previously described (12) .
T he T L M-Conver ter sof t ware was written in C++ with a Java based graphical user interface (GUI) and utilizes the libtiff (www.libtiff.org) and libics (http://libics.sourceforge. net) libraries. It runs on the Windows platform (XP, Vista, and Windows 7) and supports Carl Zeiss confocal laser scanning microscopy (LSM) proprietary files, Image Cytometry Standard (ICS) and Tagged Image File (TIF) formats.
The software and two time-lapse data sets can be downloaded from http://web.bii.astar.edu.sg/archive/TLM-Converter/ User_License_DownloadInstructions_ TLM_rev01.htm. The software contains a help manual.
Image data fragmentation
The data fragmentation module ( Figure  2A ) serves to divide very large multidimensional data sets, especially those with file sizes exceeding the capacity of the system resources (i.e., memory, operating system), into user-defined subsets for more efficient downstream image processing. It is useful when limited system resources prevent the loading of complete data sets or a required image analysis tool lacks the ability to load subsets of data. Another purpose of fragmentation is to facilitate the parallel processing of time-consuming tasks like 3-D deconvolution and 3-D segmentation. The software reads the metadata whenever available and displays the parameters of the input file. Based on dimensionality and size of the input file, the user can specify the subset of data to be stored in the output file in terms of range of time frames, optical sections and color channels. During execution, image data are read from the source and written into the target file one 2-D image at a time. As such, the memory consumption is determined by the size of an individual 2-D image and not the data subset that can span several gigabytes.
To facilitate data sharing between independently developed software, output files are saved in open standard ICS and TIF file formats. ICS was chosen as the preferred output format as it can store images of any dimensionality and data type, alongside the microscopy acquisition parameters (i.e., metadata) (13) . The supported input and output formats are summarized in Table  1 . The ICS format can be read and written by a variety of commercial and open-source image processing tools. Our software supports both ICS versions 1.0 and 2.0. To save files >2 GB, we recommend the use of ICS version 1.0. In batch fragmentation mode, the input file can be fragmented into multiple output files. The user can choose the number of time frames to save in each output file. This option of batch fragmentation relieves the user from multiple execution of the same sample input.
Time-lapse concatenation
The Zeiss Multiple-Time-Series (MTS) macro records up to six dimensions involving multiple locations, channels, and time frames, and saves the time-lapse data as individual Z-stacks. The concatenation module of the TLM-Converter ( Figure 2B ) concatenates the individual files into larger user-defined subsets of the time-lapse experiment that are more convenient for further image analysis. The inputs are LSM files that are acquired from a time-lapse experiment, stored in the same folder, and whose names contain consecutive numbers that represent the single time frames. The user selects one of the LSM files and specifies a template, using question marks as wild cards for the time frame number. The TLM-converter reads the input image parameters and automatically counts the files of the time-lapse sequence that matches the template. The tool provides users with the flexibility to specify a subset of data to incorporate into the reorganized time-lapse file, including the range of Z-sections, time frames, start time, time intervals, and color-channels.
Furthermore, we implemented a utility that can concatenate multiple TIFF files into a single ICS file. Input filenames must match a pattern (*ch##t####z###. tif) that specifies color channel (ch), time point (t) and optical section (z) of each 2-D image. Prior to concatenation, the user can edit the metadata of the output ICS file to be saved.
Results and discussion
We designed TLM-converter to facilitate the handling of large time-lapse microscopy data sets. In our laboratory practice, we routinely The example shows two frames of a Drosophila embryo expressing the live reporters histone-mRFP (red) and tubulin-GFP (green) that highlight the progression through the cell cycle. 100 frames of these images amount to 14 GB of raw data, which exceeds the memory of most desktop computers. In addition, many image processing tools may fail to load subsets of data. Applications developed for 32-bit operating systems can usually only load the first 2 GB of a large data set. Volume rendering was performed using Imaris X64. (Bitplane, Zurich, Switzerland). Apart from overcoming hardware and software constraints, a further benefit of fragmentation is the ability to distribute image processing tasks that can be parallelized (e.g., deconvolution or 3-D segmentation) across multiple CPUs. Subsampling of multidimensional image data can also be accomplished with ImageJ, LSM image browser, or Zen Light Edition, although in a less-productive manner. In ImageJ, the whole subset needs to be loaded into system memory before saving to hard disk. LSM Image browser and Zen Light also have the option to load images exceeding the size of the system memory by using the system's allocated virtual memory. As the TLM-Converter iteratively reads one 2-D frame at a time into the system memory and writes it to a new file on the hard disk, the subsampling is carried out more efficiently. In addition, saving multiple data subsets using ImageJ, LSM image browser, or Zen Light Edition is more time-consuming since these tools lack batch-processing capabilities.
Automated motorized microscopes have the ability to perform the type of 5-D imaging described above in multiple locations. Recorded image data are usually saved as temporary files, one for each time point and location. After completion of image acquisition, the temporary files are concatenated into a single file [e.g., using Zeiss's Multiple Time Series Macro (MTS) macro]. Since users might decide not to concatenate on the microscopy workstation [it can take several hours or, as we encountered, concatenation may simply abort when the recorded image data reaches a considerable size (≥100 GB)], we implemented a module for time-lapse concatenation of LSM files. To test the timelapse concatenation module, we used a timelapse dual-channel 8-bit data set consisting of 300 image stacks that each contained 38 optical sections acquired using the MTS macro mode. The software took 11 min to concatenate 300 LSM files into a single ICS file of 23 GB. The only other free software tool that can accomplish this concatenation task is Zen 2009 Light Edition. However, Zen In the data fragmentation module, the user can specify ranges of optical sections, time frames and color channels to be included into the output files. In batch mode, a single input file can be fragmented into multiple files (e.g., 100 time frames can be broken down into 10 files of 10 frames each). (B) The concatenation module assembles multiple multidimensional files corresponding to single time frames (up to four dimensions) into single output files. Question marks in the input filename indicate the frame number. Users can choose the set of colors, range of time frames and optical sections to incorporate into the output file. The frame interval section allows the skipping of frames.
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2009 Light Edition requires human intervention to manually concatenate one stack at a time until system memory is depleted. This means that concatenation of all 300 LSM files is not possible on our desktop PC with 12 GB of RAM. Users can control the range and temporal sampling. Since time-lapse experiments can involve several hundred time frames recorded simultaneously in multiple locations, our concatenation tool removes another bottleneck in image visualization and analysis.
In summary, TLM-Converter is a user-friendly data reorganization tool for time-lapse data sets larger than system resources, and which runs on single desktop computers. Sizeable multidimensional data sets can be reorganized to match available software and hardware resources, saving the need to invest in new computational equipment. In the future, we intend to include the Bio-Formats library (www. loci.wisc.edu/software/bio-formats), which supports 106 image formats to expand the list of file formats that can be imported into the TLM-converter. Gen e-to -BA C add ress ing usin g mic roa rray s Impr oved RNA -seq librar y prepa ration
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